Egg white lysozyme was demonstrated to have antibacterial activity against organisms of concern in food safety, including Listeria monocytogenes and certain strains of Clostridium botulinum. We also found that the food spoilage thermophile Clostridium thermosaccharolyticum was highly susceptible to lysozyme and confirmed that the spoilage organisms Bacillus stearothermophilus and Clostridium tyrobutyricum were also extremely sensitive. Several gram-positive and gram-negative pathogens isolated from food poisoning outbreaks, including Bacillus cereus, Clostridium perfringens, Staphylococcus aureus, Campylobacter jejuni, Escherichia coli 0157:H7, Salmonella typhimurium, and Yersinia enterocolitica, were all resistant. The results of this study suggest that lysozyme may have selected applications in food preservation, especially when thermophilic sporeformers are problems, and as a safeguard against food poisoning caused by C. botulinum and L.
Lysozyme is an important component in the prevention of bacterial growth in foods of animal origin such as hen eggs (4, 10, 13, 15) and milk (5, 22) . The enzyme may also have applications as a preservative in foods that do not naturally possess it. It is attractive as a food preservative because it is specific for bacterial cell walls and harmless to humans. Industrial methods have been developed for its economical recovery from egg whites, and the deproteinized egg whites have been approved for food use in Europe and recently in the United States.
Currently, lysozyme has only limited applications in the food industry. It is added to certain hard cheeses in Europe to prevent gas formation and cracking of the cheese wheels by saccharolytic, butyric-forming clostridia, especially Clostridium tyrobutyricum (23) . Other potential applications include its use in heat-sterilized products to reduce thermal requirements, its inclusion in immobilized enzyme columns to prevent contamination (9) , and its use as a supplement to foods such as poultry, shrimp, sausage, and sake as a preservative (6, 9, 11, 16, 19, 24) . In this study we show that lysozyme has antibacterial activity against previously untested food pathogens and spoilage bacteria including thermophilic clostridia, selected strains of C. botulinum, and Listeria monocytogenes.
MATERIALS AND METHODS
Materials. Egg white lysozyme (2, 8) and dried Micrococcus luteus ATCC 4698 cells were provided by Societa Prodotti Antibiotici, Milan, Italy. The preparation of lysozyme supplied by Societa Prodotti Antibiotici contained approximately 50,000 U/mg (21) . One unit causes a decrease in turbidity at 540 nm of 0.001 AU/min at 25°C in 0.067 M sodium phosphate (pH 6.6) (21) . Its (ii) Test 2. Lysis of nongrowing bacteria in buffer. Overnight mid-to late-exponential-phase cultures from 50 to 150 ml of medium were harvested by centrifugation for 20 min at 10,000 x g. The pellet was suspended in 5 to 10 ml of 0.067 M sodium phosphate buffer (pH 6.6). Lytic reactions were carried out in Hungate tubes (16 by 120 mm) with butyl rubber stoppers (Bellco Glass, Inc., Vineland, N.J.) in the phosphate buffer. Freshly prepared lysozyme was used to start the reaction; after the addition of the lysozyme (10 tibility in phosphate buffer (test 2) and was carried out with EDTA and other potential enhancing chemicals (see Results).
(iv) Test 4. Lysis of cells on agar plates. Lastly we determined the influence of lysozyme and EDTA on the ability of the Scott and Ohio strains of L. monocytogenes to form colonies when cells were seeded in brain heart infusion agar. In this procedure, lysozyme or EDTA or both were added to molten agar and the plates were poured and allowed to solidify. L. monocytogenes was then plated on the agar surface.
The lysis tests for each organism were done at least twice on separate days with cultures grown independently.
RESULTS
Growth inhibition by lysozyme in complex media. Initially we determined the ability of lysozyme to prevent the growth of bacteria inoculated into complex broth media containing lysozyme. In this assay, 3 bacterial species of 15 examined, Bacillus stearothermophilus, C. thermosaccharolyticum, and C. tyrobutyricum, were found to be completely inhibited (Table 2) . Two species, Campylobacter jejuni and proteolytic C. botulinum type B, were weakly inhibited. B. cereus was slightly inhibited under static but not aerated conditions. Several bacteria were not inhibited by lysozyme under optimal conditions for growth ( Initially we tested the susceptibility of the cheese spoilage bacterium C. tyrobutyricum. Wasserfall and Teuber (23) noted that approximately 90% of a population of C. tyrobutyricum cells were inactivated within 2 h by lysozyme.
We confirmed the susceptibility of this organism by using two strains isolated from late blowing of cheese in Italy (strains 13 and 142) and with the type strain (ATCC 25755) from the American Type Culture Collection, Rockville, Md. (Fig. 1) . Actively growing cultures of C. tyrobutyricum in reinforced clostridial medium also lysed when lysozyme (100 mg/liter) was injected into the culture (Fig. 1) . The high susceptibility of C. tyrobutyricum probably accounts for the effectiveness of lysozyme in preventing late blowing of cheeses (23) .
We found in this study that the food spoilage, anaerobic, extreme thermophile C. thermosaccharolyticum was highly susceptible to lysozyme (Fig. 2) . Cell suspensions in phosphate buffer supplemented with lysozyme (10 mg/liter) cleared to 50 to 60% in 30 min and thereafter lysed slowly for several hours (Fig. 2C) . Growing cells were inhibited on introduction of lysozyme (Fig. 2D) . We confirmed that the aerobic thermophile B. stearothermophilus was also highly sensitive (Fig. 2) . The susceptibility of B. stearothermophilus to lysozyme has previously been noted by Ashton et al. (3) and Messner et al. (14) .
Although several isolates of C. botulinum and C. sporogenes were not inhibited for growth when inoculated into media containing lysozyme (test 1), several of these strains did lyse when nongrowing cells were suspended in phosphate buffer supplemented with lysozyme (Table 3) . We tested eight strains of C. botulinum and three strains of the closely related C. sporogenes. C. botulinum types A and B and the C. sporogenes isolates differed widely in their response to lysozyme in buffer; certain of these strains lysed rapidly (e.g., Hall), whereas others were resistant (e.g., 113B) ( Table 3 ). The differences between certain strains were consistently observed in repeated trials. With other C. botulinum strains however, such as Okra B and 17B, as well as C. sporogenes PA 3679, repeated trials gave erratic and irreproducible results. In these cases cultures lysed rapidly in some trials but were resistant in others. The type E nonproteolytic cultures were all uniformly resistant to the lytic activity of lysozyme. However, the inclusion of 1 mM EDTA with 100 mg of lysozyme per liter in the incubations resulted in greatly improved and repeatable lysis of type E and proteolytic type A and B strains (Fig. 3) . Furthermore, the combination of 1 mM EDTA and 20 mg of lysozyme per liter in complex media prevented the growth of proteolytic and nonproteolytic strains, i.e., organisms initially assayed as negative in test 1 (data not shown). Therefore the combination of lysozyme and EDTA was quite effective and consistently inhibited toxigenic C. botulinum.
We noticed that the presence of 1 mM EDTA alone slowed the growth of certain C. botulinum strains 20 to 30% relative to controls and improved their susceptibility to lysozyme. This information suggests that the growth rate of the cells influences their susceptibility to lysozyme, possibly because the rate of cell wall synthesis exceeds its rate of hydrolysis. To test this, we assayed the effectiveness of lysozyme and EDTA at various temperatures on C. botulinum type E, which is capable of growing at temperatures as low as 4°C. An assay of lysozyme at 5.5°C indicated that there was 5, 700 U/mg compared with 50,000 U/mg at 25°C. At the lower temperatures the degree of lysis was substantially increased (Table 4 ), in accordance with the diminishing growth rates, despite the lower activity of lysozyme. It is also possible that EDTA partially disrupts the outer cell wall structure and allows lysozyme to penetrate to the peptidoglycan. Four strains of L. monocytogenes isolated during food poisoning outbreaks were evaluated for their susceptibility to lysozyme. We found that cells of each strain suspended in phosphate buffer were lysed convincingly by lysozyme (Fig.  4) . The rate of lysis was relatively slow but steady (Fig. 4) , and 50 to 60% reduction in optical density occurred within 2 h, reaching a maximum of 70 to 80% after 6 h. These results were consistent on repeated trials. However, growth of the four strains of L. monocytogenes was not inhibited when each was inoculated into media containing lysozyme at 20 or 200 mg/liter (see above), nor did lysis occur when lysozyme was injected into an actively growing culture of L. monocytogenes. This ineffectiveness was not due to inactivation of lysozyme by the growing culture, since a sample of the medium withdrawn after 3 days of growth readily lysed M. luteus cells suspended in the same medium. Lysis of M. We found that combining lysozyme with certain chemicals promoted lysis of growing cells of L. monocytogenes. The potentiating chemicals were chosen on the basis of previous studies of the activity of lysozyme (17, 18) . Addition of DL-lactic acid at 0.85% stopped the growth of the cells and resulted in slow lysis (change of -0.14 optical density unit compared with the control after 24 h) when lysozyme was also present. The most effective potentiator for lysis of L. monocytogenes was EDTA (cells lysed -0.46 [measured as optical density at 660 nm] compared with the control). Chemicals assayed as potentiators but which showed no significant differences from the control included potassium sorbate (0.05%), glycine (0.25%), sodium acetate (5 mM), ethanol (0.95%), sodium dodecyl sulfate (0.01%), thioglycolate (5 mM), NaCI (50 mM), dithiothreitol (5 mM), and ascorbic acid (10 mM).
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The effectiveness of EDTA and lysozyme against L. monocytogenes was also tested for inhibition of colony formation on brain heart infusion agar (Table 5) . Although 100 mg of lysozyme per liter or 1 mM EDTA alone did not inhibit two strains of L. monocytogenes, the combination caused significant inhibition relative to the controls (Table  5) .
DISCUSSION
The present studies indicate that lysozyme effectively lyses and inhibits the growth of several food-borne pathogens and spoilage bacteria. We found that certain strains of C. botulinum and four strains of L. monocytogenes were lysed by the egg white enzyme. L. monocytogenes has recently been associated with human listeriosis transmitted by vegetables, soft cheeses, and pasteurized milk products and is a serious concern as an emerging pathogen in a variety of food products. The results of this study suggest that lysozyme may be effective in foods as a safety factor to assist in the inhibition of L. mnonocytogenes.
The present work also demonstrates that the saccharolytic spoilage thermophile C. thermosaccharolyticum is susceptible to the lytic activity of lysozyme. The thermophilic, flat-sour bacterium B. stearothermophilus was also highly sensitive, as previously observed (3, 14) . Perhaps the structure of the cell walls of certain gram-positive thermophiles contributes to their high sensitivity to lysozyme. Because of their ability to produce extremely heat-resistant spores, B. stearothermophilus and C. thermosaccharolyticum can present severe spoilage problems in low-acid canned foods. Depending on the product, the commercial sterilization of low-acid canned foods may require considerable quantities of thermal energy to destroy the viability of the thermophilic spores. Since lysozyme has excellent heat resistance at low pHs (1, 8) , it may be possible to reduce the thermal energy requirements during canning by including lysozyme in the process. We have obtained preliminary results which indicate that B. stearothermophilus spores are readily killed by lysozyme at 70°C (V. L. Hughey, P. Wilger, and E. A. Johnson, unpublished data).
Lysis of several of the pathogenic and spoilage bacteria in the present studies was enhanced and consistently obtained when lysozyme was used in combination with EDTA. This was particularly apparent with certain strains of C. botulinum, many of which were completely refractory to lysozyme alone but were inhibited and lysed by lysozyme plus EDTA. The results obtained with C. botulinum and L. monocytogenes suggest that two factors mainly limit the effectiveness of lysozyme. First, since EDTA is required to obtain consistent lysis, the peptidoglycan substrate may be partially masked by other cell wall components (7, 12, 20) . EDTA could allow partial removal of these layers and promote penetration of lysozyme to the peptidoglycan. Second, because cell wall lysis occurred most effectively in cultures slowed in growth rate by lowered temperatures, it is likely that cell wall synthesis in rapidly growing cultures probably exceeds the rate of degradation by lysozyme. The effectiveness of lysozyme at low temperatures is intriguing, because with the increased production of refrigerated foods there is currently concern whether refrigeration is sufficient to restrain growth of low-temperature-growing pathogens such as C. botulinum type E (16) . The results presented in these studies suggest that the combination of EDTA (or possibly other chelators) and lysozyme may be useful for the prevention of C. botulinum growth in foods. The use of lysozyme in prevention of C. botulinum food poisoning, however, should be considered with caution. It is also possible that lysozyme might increase the risk of food poisoning by promoting the release of intracellular toxin. In conclusion, the possibility of using as a food preservative an enzyme that is harmless to humans is attractive, and we believe that the work presented in this study suggests that lysozyme has the potential to serve such a role in specific applications in the food industry.
